ABSTRACT
4
infectious cycles. Such correlated inheritance, or genetic linkage across segments, means that 66 evolutionary events on one segment can affect the dynamics of others. The pattern of genetic variation 67 observed in HA is therefore expected to be shaped by the fitness effects of variants not only on HA but 68 also on other segments.
69
The HA segment of H3N2 viruses exhibit lower level of genetic diversity, measured in mean time to 70 coalescence, than other segments (RAMBAUT et al. 2008 ). This is explained by recurrent positive 71 selection occurring at far higher rate on the HA segment than other segments. Selective sweeps driven 72 by antigenic variants on HA therefore cause the greatest reduction in polymorphism at linked sites on 73 the same segment but less severe reduction at other segments due to occasional events of reassortment 74 that break down the hitchhiking effect (MAYNARD SMITH AND HAIGH 1974) . Relative diversity between 75 segments is therefore informative for adaptive evolution in the HA gene. In addition, negative (or 76 purifying) selection against deleterious mutations cause reduction in polymorphism, an effect termed 77 background selection (CHARLESWORTH et al. 1993 ). This variation-reducing effect is also greatest on 78 completely linked sites and diminishes as linkage becomes weaker. Since negative selection must be 79 operating in all genes of influenza virus to maintain their functions, genetic diversity at HA must be 80 affected not only by negative selection on the same segment but also that on all the other segments, 81 unless reassortment is very frequent relative to the strength of negative selection.
82
Therefore, the evolutionary model of positive and negative selection should be tested against the inter-83 segmental levels and patterns of sequence polymorphism. However, a crucial parameter in such a model 84 with multiple viral segment, the rate of reassortment between segments, is not well known.
85
Reassortment in segmented RNA virus, effectively equivalent to meiotic recombination in most 86 eukaryotes, plays a critical role in their evolution. To date, eleven families of RNA virus are known to 87 have segmented genome (MCDONALD et al. 2016) . Among these, reassortment in influenza virus has 88 been most intensively studied. Through this process, influenza viruses can acquire novel variation that 89 confers resistance to antivirals (SIMONSEN et al. 2007 ). Intrasubtype reassortments also drive adaptive 
106
Despite these sophisticated methods for identifying reassortment, rare attempt has been made to 107 estimate how frequently it occurs during viral reproduction, particularly in comparison to the rates of 108 mutation and coalescence. The rate of reassortment per unit time (t) can be defined as a probability 109 that a pair of segments in a given individual virus at time t come from different parental viruses that 110 existed at time t -t. If the reproduction of viruses can be approximated in a discrete-time process, a 111 natural choice for the unit time above can be the average length of a single host infection cycle, which
112
we arbitrarily define to be one "generation" (KIM AND KIM 2016). In previous studies, reassortment rate 113 was often estimated as the number of detected events divided by years or the number of synonymous 114 changes on the tree (VILLA AND LÄSSIG 2017). This quantity may be a lower bound of the actual rate 6 since only those events leaving sufficiently conspicuous inter-segmental incongruence in phylogenies 116 are counted. In this study, we perform a quantitative analysis of reassortment rate in influenza H3N2, 117 using summary statistics ("metrics") that measure either incongruity in tree topology or linkage 118 disequilibrium. We conduct simulations of viral sequence evolution under four different models,
119
including recurrent positive selection with and without complex demography, that are however 120 constrained to replicate the key patterns of H3N2 sequence variation. Then, the range of reassortment 121 rate that reproduces the observed values of these metrics as well as the ratio of sequence diversity at
122
HA versus non-HA segments will be identified. We also seek analytic approximations for the effect of 
127

MATERIALS and METHODS
129
Sequence data
130
Genome sets of human influenza A/H3N2 sequences were downloaded from Influenza Virus Genome
131
Set of National Center for Biotechnology Information (NCBI). A genome set is defined as the sequences 132 of viral segments from a single virus isolate. In this study, we use sequences of HA, PB2, PB1, PA and 133 NP segments. Outlier sequences (different from other sequences in the same year at more than 100 sites)
134
and sequences containing symbols other than A, C, G and T were discarded. pair of sites, one on segment 1 and another on segment 2. The average of all such pairs is given by ρ .
146
We define a metric that quantifies between-segment LD relative to within-segment LD as
where ρ is the mean of ρ 2 between all pairs of sites within segment 2, which is either a non-HA 149 segment in actual data or a segment that evolves without positive selection in simulation (see below). 
155
The above metrics were calculated for 30 genomic sets (from either actual H3N2 or simulated 156 population) randomly sampled within each 6-month time window. For H3N2 data, sequences from 157 different regions (Asia, Europe, North America, South America, Oceania and others) were sampled
158
proportionally to the number of sequences in the database. For a given metric, the average value over 8 time windows, from year 2007 to 2016 for H3N2 data or over 10 simulation years, was obtained.
161
Simulation
162
We conducted the individual-based simulation of virus evolution in a procedure described in KIM AND
163
KIM (2016) 
220
To test whether the rate of sequence divergence at one segment is significantly different from that of 
RESULTS
237
The estimation of inter-segmental reassortment rate in influenza virus H3N2
238
Population genetic processes at different segments become uncorrelated as reassortment occurs.
239
Therefore, we attempted to infer reassortment rate in H3N2 viruses using multiple summary statistics 240 that measure correlation in the patterns of sequence diversity across segments. One metric we use is 
247
To investigate whether these metrics are sufficiently informative and robust for inferring reassortment ).
250
The relationship between a given metric and reassortment rate may depend on the pattern of sequence 251 diversity, which is determined by how viruses evolve. We therefore simulated virus population under 
260
RFD responds most sensitively to r: the distribution of RFD for a given r is relatively narrow compared 261 to the change of mean with increasing r. However, the absolute values of RFD changes significantly 262 depending on the evolutionary models in the simulation. On the other hand,  and TBLD exhibit larger 263 variances but are less sensitive to evolutionary models.
264
We calculated these three metrics from HA-PB2, HA-PB1, HA-PA and HA-NP segment pairs in 265 influenza H3N2 (Table 1) . We do not observe clear difference in reassortment rates among these 266 segment pairs. For example, TBLD is smallest between HA and PA but  is largest for this pair. We equivalently, the topology of evolutionary trees shaped by selection and population structure.
274
A well-known summary statistic for tree topology is Tajima's D (Tajima 1983 (Table S1 ). viruses of the previous year with more than 15% chance. We confirmed that this per-year estimate does 288 not change when one generation is given 1/160 or 1/40 year ( Figure S1 ).
289
We next examine how well our inference on reassortment rate matches the result of widely-used method (Table 1 ) and between two segments in the above simulation (Table 3) .
294
Simulations show that the numbers of detected reassortments vary greatly according to evolutionary 295 model. Models 2 and 3 lead to a larger number of detection for a given value of r. This might be because 
329
Inter-segmental heterogeneity in mutation rate can be detected by differences in synonymous sequence 
343
Synonymous divergence at HA2, obtained from either 4-fold degenerate sites only or using Nei-
344
Gojobori method, is actually larger than that of HA1, although the difference is not significant in the 345 bootstrap test (p = 0.16). Therefore, we may rule out the possibility that recurrent nonsynonymous 346 substitutions at HA elevate the rates of synonymous mutations at the corresponding codons.
347
The level of neutral sequence diversity correcting for mutation rate heterogeneity, denoted as π*, is then 
353
We next examined which value of r best explains the ratio of π* on HA versus non-HA segments. In 
363
To gain further insight on the above result and the dynamics of recurrent selective sweeps, we sought a where N e is the effective population size under which sweeps occur (i.e, N e1 of (KIM AND KIM 2016)).
397
Now, two lineages that have just escaped coalescence are subject to coalescence in the next (earlier) 
405
This approximation shows that  1 / 2 does not depend on the rate of recurrent positive selection (k) but 406 on the strength of selection, in agreement with our simulation ( Figure S3 ).
407
We compared the simulation results of model 2 with Eq. (5) in which f is replaced by either 2s, a usual 408 approximation under infrequent selective sweeps, or mean fixation probability observed in simulation.
409
The latter is 0.0269 for s = 0.1 and 0.0253 for s = 0.05. Therefore, actual fixation probabilities are much 
22
While not initially a major focus of this study, significant inter-segmental heterogeneity in the rate of 
